[1] As vegetative windbreaks become established on a large scale in agricultural ecosystems, understanding the influence of windbreak networks on the momentum budget of the atmospheric boundary layer becomes important. The authors conducted a wind tunnel experiment to study the variation of wind speed profile and surface shear stress of wind flow passing from an open surface to another with parallel windbreaks. Five spacing (L = 5, 10, 15, 20, 30 h, wherein h is the windbreak height) windbreak arrays with moderate porosity (aerodynamic porosity a = 0.501) were used in the experiments. Both near-floor and over-array wind speed measurements showed that airflow will approach equilibrium state behind a special windbreak of the array, varying from 4th to 9th windbreak when the spacing change from 30 to 5 h. Within the range of L/h values investigated, arrays with narrower spacing cause higher friction velocity and roughness length, which were up to 2.26 and nearly 100 times those observed over open floor, respectively. A semiempirical momentum budget model is developed on the arrayed surface to estimate windbreak drag and shear stress on the protected floor. Windbreak drag accounts for more than 80% of shear stress on the arrayed surface, and the shear stress on protected floor is less than 20% when L/h < 40 based on the model estimation. The sum of the two estimated components agrees well with the estimates obtained from over-array wind profiles. 
Introduction
[2] The interaction between vegetation cover and the lower atmosphere plays an important role in regulating atmospheric circulation and thereby various climatic factors [Irannejad and Shao, 1998 ]. Previous researches have identified regional-scale impacts due to tropical deforestation [Henderson-Sellers et al., 1993; McGuffie et al., 1995; Zhang et al., 1996; Lean and Rowntree, 1997; Gash and Nobre, 1997] , temperate deforestation [Bonan et al., 1992] , and desertification [Xue, 1997; Nicholson et al., 1998 ]. However, few researches have been performed on the effects of the opposite process, namely afforestation.
[3] Windbreaks are used throughout the world to improve surface climate and soil conditions for human and animal life and crop growth. Recently, large-scale agricultural ecosystems consisting of vegetative windbreaks have been established for environmental sustainability [e.g., Wang and Takle, 1997a] . China, for instance, has implemented the largest afforestation engineering project in the world, the 3N (Northeast, North, and Northwest of China) Protection Plantation, which consists of a series of shelterbelt networks extending in succession up to several hundred kilometers in farmland or grassland [Wang and Zhou, 2003] . Windbreak programs have also been established in the United States [Brandle et al., 1988] , Australia [Burke, 1998 ], Canada [Kort, 1988] , New Zealand [Sturrock, 1984] , Russia [Konstantinov and Struzer, 1965] , South America [Luis and Bloomberg, 2002] , and several other developing countries [Nair, 1993] .
[4] As a special pattern of land covers, the windbreak or shelterbelt influence the mass and energy exchange between land and atmosphere. The modification of momentum flux is the basis of these influences. Numerous papers, exploring the momentum modification around or leeward a single windbreak or shelterbelt published in the past fifty years. The state of knowledge before 1990 has been summarized in several review papers [e.g., van Eimern et al., 1964; Plate, 1971; McNaughton, 1988; Heisler and DeWalle, 1988] . Isolated windbreaks or shelterbelts have also been incorporated into studies of momentum effects since 1990, either in experimental studies [Nord, 1991; Schwartz et al., 1995; Judd et al., 1996; Dong et al., 2007 Dong et al., , 2008a Dong et al., , 2008b Torita and Satou, 2007; Tuzet and Wilson, 2007] or in theoretical simulations [Patton et al., 1998; Packwood, 2000; Wang and Takle, 1995a , 1995b , 1996a , 1996b , 1997a , 1997b Wilson, 2004a Wilson, , 2004b .
[5] Although the effects of windbreak or shelterbelt networks on momentum were noted early, a few papers on the modification of momentum flux by the network have hitherto been published. Almost all the studies of networks focused on wind reduction near the ground, and the vertical scales were lower than twice the windbreak height [e.g., Woodruff and Zingg, 1955; Kaiser, 1959; Naegeli, 1964; Gangdermer, 1979; McAneney and Judd, 1991; Wilson and Yee, 2003] . The effect of windbreak height and spacing on the surface roughness length of windbreak systems was explored theoretically by Businger [1975] and in wind tunnel measurements by Iqbal et al. [1977] .
[6] When a turbulent boundary layer flows from open surface to another with windbreak array, a disturbed boundary layer develops over the array. After or over how many windbreaks the airflow approaches equilibrium? How different are the wind speed profile and momentum budget of the disturbed boundary layer from that over the open surface? These issues are significant to mass and energy exchange between arrayed land and atmosphere. We try to answer these issues based on the wind tunnel experiments. A simplified momentum partitioning method will be proposed to describe influence of the arrays on momentum budget of the disturbed boundary layer.
Wind Tunnel Experiments on Windbreak Array Models

Simulation of the Surface Boundary Layer With Neutral Stratification
[7] The experiments were carried out in the environmental wind tunnel of Beijing University's Environmental Science Center. The test section of the wind tunnel was 32 m long, 3 m wide, and 2 m high. The wind speed in the tunnel can be adjusted from 0.2 to 25 ms À1 and was measured by a hot-wire anemometer (DISA-55M). The sensor was installed on a frame that can be displaced precisely (within 0.1 mm) in three dimensions within the wind tunnel by a digital control system outside the tunnel.
[8] In a neutrally stratified flow, the wind profile in the surface boundary layer fits the well-known logarithmic function,
where u 0 (z) is the wind speed at height z, u *0 the friction velocity, k (=0.4) the von Karman constant, z 00 the roughness length of the surface, and d the zero-plane displacement.
[9] To simulate the surface boundary layer, gravel was spread uniformly in 3 -4 mm thick on the floor to increase the surface friction. A value of d = 3 mm was assumed for the rough surface. The measurement was made 16 to 28 m leeward the entrance of the test section of the wind tunnel, and profiles at 16, 18, 20, 22, 24, 26 and 28 m were measured. The surface boundary layer was well formed, with a thickness of 600 mm at seven fan rotation speed. Friction velocity and roughness length were estimated from the measurements according to equation (1). Average roughness length for these positions was 0.131 mm with a standard deviation (S.D.) of 0.036 mm [Guan et al., 2003] .
Models of Trees and Windbreaks
[10] To construct a tree model, a plastic tree was used to simulate a ''crown'' and a nail was tightly inserted into the stem sheath of the crown to create a ''trunk.'' The height of the model tree was h = 80 mm, and the diameter and height of the crown were 50 mm and 60 mm respectively. The model trees were nailed onto plywood in three rows to construct windbreak models, with row spacing 40 mm, tree spacing 50 mm, and the width of the windbreak model was 130 mm. To eliminate the opening at trunk, simulated (plastic) conifer needle bunches were attached to the trunks of the middle row trees to simulate ''shrubs.'' Figure 1 showed the schematic plot of trees and ''shrubs'' arrangements (a) and the silhouette (b) of windbreak model. Because the plastic crown and conifer needle bunches were relatively rigid, as well as the adjacent model trees overlapped and supported each other, only a little vibration occurred at the top of the windbreak model in the tunnel flow. This made the porosity almost constant during the experiment, which was expected.
2.3. Optical Porosity (b), Aerodynamic Porosity (a), and Leaf Area Index
[11] Two indices, optical porosity (b) and aerodynamic porosity (a), were used to describe the porosity of the windbreak. Optical porosity was defined as the ratio between the open surface and the total surface of the windbreak. It was measured using digitized photographs as proposed by Kenney [1987] . The optical porosity of the model was 0.185.
[12] The aerodynamic porosity was defined as the ratio of mean wind speed immediately downwind and below the top of the windbreak to that in an open field, with wind direction perpendicular to the windbreak. Method of estimating aerodynamic porosity was described by Guan et al. [2003] . The aerodynamic porosity of the model was 0.501.
[13] b has been used more frequently than a in previous studies because it can be measured easily. However, a has more physical meaning in terms of aerodynamics. For practical purposes, it is useful to quantify the relationship between a and b. Based on the results from former experiment, an empirical relationship between a and b was obtained as [Guan et al., 2003] 
[14] In order to measure the leaf area index of the model windbreak, a crown and shrub model was cut into pieces and spread separately on ruled paper. The photographs of ruled paper with the pieces were taken. The leaf area index was measured using the digitized photographs as proposed by Kenney [1987] . The result showed that leaf area of individual crow and shrub model were 3620 mm 2 and 2430 mm 2 respectively. So the mean leaf area index of the windbreak model was estimated as 2.04 according to the trees and ''shrubs'' arrangements in the windbreak model ( Figure 1a ).
Simulation of the Parallel Windbreak Arrays
[15] Boundary layers were developed naturally over the test section floor. Windbreak models were fixed on the floor between 17 to 28 m from the entrance of the test section, spanning the whole width of the tunnel. Windbreak arrays with five spacings, L = 5, 10, 15, 20, and 30 h, were measured. The number of windbreaks in each array was 13, 13, 10, 7, and 6 respectively.
Measurements of Wind Speed for the Parallel Windbreak Array
[16] The horizontal distribution of wind speed leeward each windbreak was measured at heights z = 0.2, 0.4, 0.6, 0.8, and 1.0 h to test whether the wind speed decreased monotonically leeward the successive windbreaks. Wind speed profiles above the arrays were measured at the midpoint of each adjacent pair of windbreaks to test after which windbreak the profile reached equilibrium. The measurement positions are listed in Table 1 .
[17] In calculating the drag of the windbreak at which the wind speed reaches equilibrium, the approaching wind speed is assumed to be the value at the windbreak position if the windbreak were removed. The windbreak was therefore removed from the surface in this experiment, and wind speeds at the position at height z = h were measured to estimate the approaching wind speed u hc . [18] Wind speed profiles at a reference position over open floor, x = 15 h windward the first windbreak, were measured about every two hours during the experiment.
Estimation of Friction Velocity, Zero-Plane Displacement, and Roughness Length
[19] Friction velocity, zero-plane displacement, and roughness length were estimated from wind speed profiles over the windbreak array and reference position, using the method presented by Dolman [1986] . The measurements at z = 3-8 h were used to estimate the over-array boundary layer. Lower measurements (z = 1, 2 h), which were influenced by windbreaks, and higher measurements (z = 9, 10 h), which were outside the over-array boundary layer, were excluded.
Results
Schematic Flow Pattern Over Windbreak Arrays
[20] Wind flow over open floor fits the logarithmic function (1). When the flow meets and goes over the surface with windbreak array, a disturbed boundary layer gradually develops over the array. The flow over the first several windbreaks is in transition between the two kinds of surfaces which can be characterized as relatively smooth and rough. Figure 2 shows a two-dimensional schematic plot of the flow pattern in the vertical plane parallel with the wind direction and perpendicular to the windbreak array. Over a definite leeward point where the flow approach equilibrium state, the wind profile of the disturbed boundary layer can be estimated by
where u(z) is the wind speed at height z, u * the friction velocity, z 0 the roughness length of the surface, and d the zero-plane displacement. The bottom of the disturbed boundary layer is at z = 2-3 h. The parameters in equations (1) and (3) 
[21] Airflow pattern leeward each windbreak under the windbreak height is similar to that around the isolated windbreak immerged in surface boundary layer. As a result, wind speed shows periodical fluctuation along the arrays determined by spacing of the array and porosities of the windbreaks. measurement were at x = 1, 3, 5, 10, 15, 17, and 19 h leeward each windbreak at heights of 0.2 and 0.6 h, respectively. The patterns of wind speed leeward each windbreak was similar. At height z = 0.2 h, for example, the minimum values appeared near x = 3 h, except that leeward the first windbreak, which occurred near x = 5 h. After this, wind speed increased gradually until near upwind of the next windbreak, where wind speed dropped again. The relative wind speed at height z = 0.6 h was generally higher than that at height z = 0.2 h.
Effect of the Windbreak Arrays on Horizontal and
[23] It is difficult to identify, from the pattern of wind speed, the windbreak leeward which the wind flow approaches equilibrium. The geometric averages of relative wind speed leeward each windbreak of the array with L = 20 h are shown in Figure 4a . It can be seen that an obvious variation in average wind speed occurred leeward the first three windbreaks. The wind speed decreased the most leeward the first windbreak, and increased leeward the second and third one slightly. Leeward the fourth and successive windbreaks, wind speed remained more or less constant, with some fluctuations. The results for the array with spacing L = 15 h (Figure 4b ) gave similar conclusions.
For the array with spacing L = 10 and 5 h, wind flow approached equilibrium leeward 6th and 9th windbreak respectively (figures not shown).
Horizontal Distribution of Wind Speed Over the Windbreak Arrays
[24] Wind speeds over the array were measured at the midpoint between each pair of adjacent windbreaks and at the same height above the reference position. Figure 5 shows wind speed distribution along the windbreak array with spacing L = 15 h. The wind speeds at z = 1 to 1.5 h gradually decreased over the first three windbreaks, then showed constant over the remaining windbreaks. At z = 2 to 3 h, wind speeds increased a little over the first windbreak and then decreased gradually over the second and third windbreak. Minor increases in wind speed occurred over the first three windbreaks at z = 8 h, after which wind speed turned to constant over the downwind windbreaks. Similar pattern of wind flow occurred to the other model arrays in the experiments. The narrower spacing array reduce more wind speed just above the array (z = 1.5, 2 h) and increase a little for higher level (z = 8 h) (figures not shown). The height z = 6 h can be considered as a reference level at which wind speed over arrayed surface equal to that over open floor (signed as u ref in the following text).
Vertical Profile of Wind Speeds Over the Arrayed Surface
[25] Figure 6 shows the vertical wind profiles at the midpoint between each pair of adjacent windbreaks along the windbreak array with spacing L = 15 h (a) and 30 h (b), as well as the profiles above the reference position at open floor. The wind speeds reduce dramatically over the arrayed surface compared with that over the reference position. Most reduction occurred near the windbreak height and the reduction close to floor was also obvious. Wind reduction over windbreak relates to height. The higher the position, the less the wind reduced. [26] Wind profile also varied with windbreak number of the array, especially over windbreak height. Leeward the first windbreak, wind speed decreased less and the reduction occurred under the height of 3 h. Wind speed decreased more and influential height increased over several subsequent windbreaks. Leeward the 4th windbreak of the array with spacing L = 30 h, for instance, the influence could get to z = 7 h. Fitness of wind profile of z = 3-8 h to logarithm function was used to tested whether the disturbed boundary layer research equilibrium state. The position of equilibrium airflow was related to spacing of the array. For the arrays with spacing L = 5, 10 and 15 h, the positions were about leeward 9th, 6th and 5th windbreak respectively, according to the measurements.
[27] To test the effect of measurement position relative to windbreak on the wind speed profiles of the disturbed boundary layer, measurements were made at two or three positions leeward the windbreak at which the airflow was assumed to approach equilibrium. The results indicate that the exact location of the measurements has only a minor influence on wind speed profiles over the array. [31] The shear stress, t 0 , in an open boundary layer can be estimated based on equation (1):
where r is the air density.
[32] If the protected floor is the same as open floor, namely d s = d 0 , z 0s = z 00 , the surface drag of the protected floor, t s (x), and the disturbed boundary layer, t (x), can be estimated as:
where r(x) is the ratio of the wind speed near protected floor to that over open floor.
[33] According to momentum balance, the shear stress of the disturbed boundary layer over the array is equal to the sum of windbreak drag and shear stress on the protected floor. Because the exact location of the measurements in the disturbed boundary layer has only a minor influence on wind speed profiles over the array (section 3.2.3), it is assumed that t(x) = t and u * (x) = u * . Then total shear stress over the spacing L for unit width is
where t s is the shear stress on the protected floor and t w is the drag of the windbreak. t s can then be obtained by integrating over the spacing L:
t w can be estimated using an empirical formula [Guan et al., 2003] :
where C d is the drag coefficient of the windbreak, a the aerodynamic porosity of the windbreak, and u hc the approaching wind speed for windbreak in the array, which is assumed to be the value at the windbreak position when the windbreak is removed.
[34] Based on equations (11) to (14), we obtain:
[35] This simplified airflow model provides an optional way to estimate friction velocity in the disturbed boundary layer (u * ) over the array. Its quantity can be estimated from equation (15) .2 h) . Approaching wind speed u hc is estimated based on the ''windbreak removal'' measurements described in section 2.5. Figure 9 shows the variation in u hc with array spacing L/h. This relationship fit a logarithmic function well:
Where u h0 = (u *0 /k)ln(h/z 00 ) is the wind speed at height h over open floor. The logarithm function takes L/h + 1 so that the equation will give reasonable results for L/h < 1. If the reference wind speed u ref is employed, equation (16) [36] Roughness length z 0 /h is easily obtained by equation (7) 
Drag Partition Into Windbreak Array and Protected Floor With Respect to Windbreak Spacing
[38] Windbreak drag and shear stresses on open and protected surfaces can be estimated using equation (12) When the spacing increases, the shear stress decreases. The maximum shear stress should appear over the array with L/h % 3 according to the model.
[39] The shear stress of the disturbed boundary layer over the array is the sum of windbreak drag and the shear stress on the protected floor. The proportions of the two partitions to their sum with respect to windbreak spacing are shown in Figure 11 . It can be seen that most of the momentum is dissipated by windbreak drag, accounting for more than 0.8 of the total shear stress when the spacing is less than 40 h. Moreover, the narrower the array spacing, the larger the proportion of the windbreak drags. On the other hand, the amount of momentum dissipated by the floor surface is small, and the proportion is lower than 0.2. The shear stress on the protected floor increases with the spacing increasing.
Discussion
After Which Windbreak of the Array Does the Flow Reach Equilibrium?
[40] The so-called ''cumulative effect'' of windbreak arrays or networks has been studied earlier [Woodruff and Zingg, 1955; Kaiser, 1959; Naegeli, 1964; Gangdermer, 1979; McAneney and Judd, 1991] . These studies found that, below the windbreak height, smaller maximum wind reductions and smaller values of overall protection parameters were observed between the second and third and successive windbreaks. This is the result of turbulence created by the first windbreak, which presents the second windbreak with an approach flow containing more turbulence than the flow toward the first windbreak [Heisler and Dewalle, 1988] . However, these authors did not conclude after which windbreak the flow reaches equilibrium.
[41] The present experiments have shown that both the wind profile over the array and the average relative wind speeds near the ground yield similar results that the flow after the 4th to 9th windbreak approaches equilibrium when L/h ranges from 30 to 5. Numerical simulations performed by Wilson and Yee [2003] indicate that wind speed at z = 0.5 h between neighboring windbreaks decreases gradually through the first three windbreaks. However, wind speed measurements taken during the current experiments showed a small increase in this zone, a result similar to those from earlier studies [Woodruff and Zingg, 1955; Kaiser, 1959; Naegeli, 1964] . The reasons for this discrepancy may include: (1) Hot-wire anemometers would have overestimated the mean wind speed, particularly in the region of high turbulence intensity. The overestimates would be different among leeward of windbreaks of the arrays as the turbulence intensities may be different. (2) Errors may be caused by the primary parameterisation of the windbreaks in the numerical simulations. For instance, at the first windbreak of the array, the mean angle of incident wind q = arctan(w/u) at heights of order h is small (q < 10°). Angles of attack on the second and later windbreaks probably exceed those at the first windbreak, and turbulence intensities must be higher. Use of the same (constant) value of resistance coefficient for all members of the array (of physically identical windbreaks) can be result in errors in numerical simulations [Wilson and Yee, 2003 ].
Wind Profile and Momentum Flux Over the Windbreak Array
[42] The well-known logarithmic wind profile function (1) has been widely used in modeling wind flows above flat surfaces, including vegetated surfaces such as cropland and forest, to describe the relationship among wind speed, roughness length, and momentum flux in the boundary layer [Businger et al., 1971; DeBruin and Moore, 1984; William et al., 1989; Mölder et al., 1999] . The parameters u * , d, and z 0 were found to be different over various surfaces, and some studies have been conducted on this issue [Rao et al., 1974; Lo, 1990; Bergeron and Abrahams, 1992] . These studies were conducted on uniformly vegetated surfaces and seldom addressed the boundary layer above the windbreak array [Iqbal et al., 1977] . At first thought, it might be expected that the wind profile or momentum flux over the array would vary markedly with distance relative to windbreak positions. However, the measurements showed only slight differences among the positions, as described in section 3.2.3. These differences could be interpreted as sensor error or temporal fluctuation of the airflow during the experiments. The relative variations in friction velocity u * for different positions, for instance, were generally less than 5%, which was comparable to the measurement error of the wind speed. Therefore the method of deriving momentum flux from the wind profile over a windbreak array is reasonable.
[43] Nevertheless, two issues should be stressed with respect to the wind tunnel experiments. Firstly, the windbreak models should not be so high that there is a thick enough space over the array to form a disturbed boundary. The suggested height of the model is less than 1/20 times the tunnel height. Secondly, it is recommended that the wind profile measurements used to derive momentum flux Figure 11 . Proportions of windbreak drag and shear stress on protected surface to their sum with respect to array spacing L/h.
(u * or t) and other parameter values be taken at higher level (z > 2 h), because lower level were generally under the bottom of disturbed boundary layer.
Shear Stress on the Floor Protected by the Windbreak Array
[44] The authors here propose a method to roughly estimate the shear stress on the floor protected by a windbreak array as described in equations (1), (9), and (12). It appears reasonable to assume that the wind speed profile close to the floor is controlled mainly by friction of the flow with the floor. Also, the wind speed profile can also be expressed here by a logarithmic function, as the same reason as that over open surface. So the stress can be estimated by equation (9) under the condition that the roughness length of the protected surface is equal to that of open surface. Although the authors do not have measurements of momentum flux to verify this assumption, the wind profile-derived shear stress and windbreak drag in any given experiment can be used to analyze the error of the assumption by means of the momentum budget. Because windbreak drag accounts for more than 80% of the total shear stress (as shown in Figure 11 ), the influence of error in the floor surface shear stress estimation on the total shear stress is small.
[45] Figure 12 compares the shear stresses of the disturbed boundary layer under three floor-shear estimation scenarios (0.5 t s , t s , and 1.5 t s , where t s is calculated using equation (12)). Relative to using t s as the shear value, the total shear stress varies only by ±1.1, 2.2, 3.4, 4.6, and 6.6% for L/h = 5, 10, 15, 20, and 30 if shear stress on protected floor takes 0.5 t s and 1.5 t s , respectively.
Comparison of the Results With Other Studies
[46] Most of the available systematic data suitable for comparing with the present study relate to the roughness length of the windbreak array; these data are shown in Figure 13 together with the results of this study. Businger [1975] presented an empirical formulation for the determination of z 0 /h and indicated that for thin two-dimensional windbreaks, the maximum value of z 0 /h occurs at L/h = 1.5. Businger's equation is:
where C = 0.5 is a constant. Iqbal et al. [1977] conducted a wind tunnel experiment on the roughness effect of a network of uniformly spaced long parallel windbreaks, deriving z 0 from a logarithmic function of wind profile. He also calculated z 0 /h for windbreak arrays with L/h = 6, 12, and 18 using the method described in Kung's thesis [Kung, 1970] . All the data were for closed two-dimensional fences. The studies carried out by Iqbal and Kung produced similar values. Businger's empirical formulation gives lower predictions than those of Iqbal and Kung, but they show a similar trend when L/h varies. The results of the current work lie between those of Iqbal and those of Businger. The discrepancies are mainly due to the structure of the windbreaks that real tree composed models are used in our experiments but closed two-dimensional fences are used in these literatures.
[47] The only field data for porous windbreaks were from Seguin and Thouy [1976] . They gave a z 0 /h value of approximately 0.15 ± 0.05 for 50% porous plastic windbreaks of 1 m height and spaced 7.5 m uniformly apart. Their results agree with ours well.
[48] Our wind profile measurements give very small values for the zero-plane displacement d of the windbreak array (d/h < 0.035). This value is so small that it can be ignored for L/h > 5, as Iqbal et al. [1977] did in his calculations. Wang and Klaassen [1995] also found from field measurements that the zero-plane displacement of the windbreak-dominated landscape is negligible in unstable and neutral conditions. This obviously differs from that of a surface uniformly or randomly covered with rough or vegetation elements [Raupach, 1992; Raupach et al., 1993, 1994] , for which d/h has been found to take from 0.4 to 0.7 for the same range of frontal area index values as the windbreak array (l = h/L) in the current experiments. These differences may be due to discrepancies in the geometrical construction and distribution of the rough elements.
Future Research on the Momentum Flux of Windbreak Networks
[49] Large-scale establishment of windbreak networks modify the mass and energy exchange between the land and the atmosphere. The aerodynamic effect of the networks on the atmospheric boundary layer is the basis of the laws governing these modifications. The scarcity of existing research in this field makes it difficult to assess and predict these modifications. Therefore in the authors' view, multiple technologies should be used in the research work. Experiments are especially important because any theoretical solutions must be tested and verified by experimental data before application. Wind tunnel experiments and other simulation experiments are necessary, not only because real vegetative windbreaks and shelterbelts are usually too high or too extensive to measure their aerodynamic effects, but also because vegetative windbreaks in the field are limited in structure and pattern. Wind tunnel experiments are flexible and allow various options for windbreak structure and network pattern to be explored. Many researches on surface flow and momentum have used this method [Brown et al., 2008; Dong et al., 2008a Dong et al., , 2008b King et al., 2008] . On the other hand, field measurements are also necessary to obtain real atmospheric data, which may require instruments and equipment used to probe atmospheric boundary layers, such as scatterometer [Prigent et al., 2004] , lidar and radar [Flamant et al., 2003; Marticorena et al., 2006] . Theoretical analyses, such as numerical simulations based on the controlling equations of atmospheric boundary layer and climate models [Elie Bou-Zeid et al., 2004] , are also important ways to express and predict the effects of windbreak networks.
Conclusions
[50] Influence of moderately porous windbreak array on wind speeds and shear stress has been studied in a wind tunnel experiment, and the following conclusions have been drawn:
[51] Similar horizontal patterns of wind speed occurred near floor leeward each windbreak. The minimum values appeared near x = 3-5 h, and wind speed increased gradually until upwind of the next windbreak. The geometric averages of relative wind speed leeward each windbreak showed an increasing trend for the first several windbreaks. Horizontal distribution of wind speeds over the array displayed decreasing trend in lower layer (1.5 to 5 h) and minor increase at upper layer (7 to 8 h) for the first several windbreaks. The height z = 6 h can be considered as a reference level at which wind speed keep constant when airflow passing from open floor go over arrayed surface. According to both near-floor wind speed reduction and horizontal wind speed distribution over the array, equilibrium state of airflow is formed behind from 4th to 9th windbreak of the array as the spacing varies from 30 to 5 times windbreak height.
[52] Friction velocity u * , roughness length z 0 and zeroplane displacement d of the disturbed boundary layer over the arrayed surface were derived from wind speed profiles. These parameters for the five model arrays increased as the spacing of the arrays decreased, and the relationships empirically fit power (u * ), linear (d), and exponential functions (z 0 ) respectively. Under the experimental condition (ratio of windbreak height to open surface roughness length h/z 00 = 610), friction velocities of the disturbed boundary layer over the array are 1.76 to 2.26 times those over open surface. The roughness length increases up to one hundred times that of open surface, and the relative values of z 0 /h range from 0.06 to 0.16.
[53] Semiempirical shear stress model of the disturbed boundary layer over the arrayed surface was put forward by summing windbreak drag and shear stress on the protected floor. Windbreak drag of the array was estimated by introducing ''approaching wind speed'' that measured with ''windbreak-removal'' method. Shear stress on the protected floor was estimated with the wind speed near protected floor relative to that over open surface. The results of the model fit wind profile-derived values well. Based on the model, windbreak drag accounted for more than 80% of shear stress on the arrayed surface, and the shear stress on protected floor surface is less than 20% when L/h < 40.
